The stomatal complex of Zea mays is composed of two pore-forming guard cells and two adjacent subsidiary cells. For stomatal movement, potassium ions and anions are thought to shuttle between these two cell types. As potential cation transport pathways, K + -selective channels have already been identified and characterized in subsidiary cells and guard cells. However, so far the nature and regulation of anion channels in these cell types have remained unclear. In order to bridge this gap, we performed patch-clamp experiments with subsidiary cell and guard cell protoplasts. Voltage-independent anion channels were identified in both cell types which, surprisingly, exhibited different, cell-type specific dependencies on cytosolic Ca 2+ and pH. After impaling subsidiary cells of intact maize plants with microelectrodes and loading with BCECF [(2 0 ,7 0 -bis-(2-carboxyethyl)-5(and6)carboxyflurescein] as a fluorescent pH indicator, the regulation of ion channels by the cytosolic pH and the membrane voltage was further examined. Stomatal closure was found to be accompanied by an initial hyperpolarization and cytosolic acidification of subsidiary cells, while opposite responses were observed during stomatal opening. Our findings suggest that specific changes in membrane potential and cytosolic pH are likely to play a role in determining the direction and capacity of ion transport in subsidiary cells.
Introduction
Guard cells of maize and other grasses are dumbbell shaped and flanked by two subsidiary cells. Reports from the 1970s suggest that both cell types form one functional entity to adapt the stomatal aperture rapidly to varying environmental conditions (Pallaghy 1971, Raschke and Fellows 1971) . The turgor-driven stomatal movement has been correlated with a shuttle process of K + ions and anions between subsidiary cells and guard cells, pointing to an important role for subsidiary cells in stomatal function. Within these complexes subsidiary cells function as traps (sink) or reservoirs (source) for ions, which are transported from or to the guard cells, respectively. This feature probably accounts for the observation that opening of stomatal pores can still occur even when detached strips of Zea mays epidermis are kept in distilled water (Pallaghy 1971) . Under these conditions the neighboring subsidiary cells resemble the only source for K + ions -the main osmolyte needed for stomatal opening. In contrast, stomata of the dicot Vicia faba, a subsidiary cell-free species, remained closed in distilled water, indicating that guard cells lacking subsidiary cells rely on the K + ion supply from the solution on which the epidermal strips were floated (Fischer and Hsiao 1968 , Humble and Hsiao 1969 , Pallaghy 1971 .
Mature guard cells are not connected to surrounding cells via plasmodesmata (Wille and Lucas 1984) , a fact that probably represents a prerequisite for cells to maintain a different osmotic potential from that of neighboring cells. Due to the absence of plasmodesmata, changes in the guard cell ion content require ion transport via ion channels and transporters across the plasma membrane. In subsidiary cells, the uptake and release of ions has to be achieved likewise. However, the antiparallel-directed ion transport in these cell types during stomatal movements (e.g. anion and K + release in guard cells but ion uptake in subsidiary cells during stomatal closure) requires distinct mechanisms in subsidiary cells compared with guard cells. Studies on guard cells from dicotyledonous plants revealed that different physiological stimuli inducing stomatal movements (e.g. light or ABA) pursue both Ca 2+ -dependent and Ca 2+ -independent pathways to modulate ion transport (for reviews, see Roelfsema and Hedrich 2005 , Pandey et al. 2007 , Sirichandra et al. 2009 , and references therein). The Ca 2+ -independent signal transduction pathway may involve H + as a regulatory element since (i) individual ion channels display distinct sensitivities towards cytosolic pH (Miedema and Assmann 1996 , Grabov and Blatt 1997 , Colcombet et al. 2005 , Fan et al. 2008 ; and (ii) guard cells have been shown to respond to opening (fusicoccin, IAA and cytokinin) and closing agents (ABA) with acidification or alkalinization, respectively (Irving et al. 1992 , Blatt and Armstrong, 1993 , Islam et al. 2010 . Several types of ion channels have been identified in both guard cells and subsidiary cells as potential transport pathways for solute uptake and efflux (Fairley-Grenot and Assmann 1992 , Majore et al. 2002 , Wolf et al. 2005 , Wolf et al. 2006 ; for reviews, see Pandey et al. 2007 , Sirichandra et al. 2009 ). Hyperpolarization-as well as depolarization-activated K + -selective ion channels, mediating either K + uptake or K + release, respectively, are present in both cell types (Fairley-Grenot and Assmann 1992, Majore et al. 2002) . Transcripts of the K + release channel ZORK were found in subsidiary cells and guard cells of maize (Büchsenschütz et al. 2005) . In contrast to ZORK, the maize K + uptake channel genes KZM1, ZMK1 and KZM2 are differentially expressed. Whereas KZM1 and KZM2 transcripts were found in guard cells, ZMK1 mRNA could only be detected in subsidiary cells (Philippar et al. 1999 , Philippar et al. 2003 , Büchsenschütz et al. 2005 . The function of these maize Shaker-like K + uptake channels seems to depend on membrane voltage and Ca 2+ in a similar manner in guard cells and subsidiary cells, but they are regulated differently by the cytosolic pH (Fairley-Grenot and Assmann 1992 , Majore et al. 2002 , Philippar et al. 2003 , Wolf et al. 2005 , Wolf et al. 2006 ). In contrast to K + transport, channel-mediated anion transport of maize has been examined in root cells (Gilliham and Tester 2005) but not yet in subsidiary cells and guard cells. However, for other species, guard cell anion channels have been extensively studied because of their key roles in membrane voltage and thus cell turgor control during stomatal movements (for reviews, see Schroeder et al. 2001 , Pandey et al. 2007 , Sirichandra et al. 2009 ). Due to marked differences in deactivation kinetics, two types of guard cell anion channels could be distinguished, the rapid (R)-type and the slow (S)-type channels (Hedrich et al. 1990 , Linder and Raschke 1992 , Schroeder and Keller 1992 . While AtALMT12 represents a component of the R-type anion channel (QUAC1) (Meyer et al. 2010 ), S-type anion channel currents could be linked to the activity of SLAC1 in Arabidopsis thaliana guard cells (Negi et al. 2008 , Vahisalu et al. 2008 , Geiger et al. 2009 , Lee et al. 2009 , Geiger et al. 2010 .
In the present study we intend to gain deeper insights into the synchronization of ion transport between maize subsidiary and guard cells during stomatal movement. To address the role of membrane voltage and pH in ion channel regulation, in planta recordings of these factors were performed with subsidiary cells. Furthermore we identified and compared anion channel currents in subsidiary and guard cells to draw a cell type-specific fingerprint of anion channel regulation. The implications of our findings for the ion shuttle within the stomatal complex of maize are discussed.
Results

Light-induced changes in the membrane potential of intact subsidiary cells
In order to study the regulation of ion channels in subsidiary cells in comparison with guard cells, double-barreled microelectrodes were impaled in these cell types of intact maize plants (Fig. 1A, B) . When depolarizing and hyperpolarizing voltage pulses were applied to intact guard cells, time-dependent inward-and outward-rectifying K + currents were elicited resulting in a non-linear current-voltage (IV) curve (Fig. 1C, E) . With respect to the voltage dependence and activation kinetics, these currents are very probably mediated by Shaker-like K + -selective channels expressed in maize guard cells (FairleyGrenot and Assmann 1992 , Majore et al. 2002 , Philippar et al. 2003 , Büchsenschütz et al. 2005 , Wolf et al. 2005 . In contrast, in intact subsidiary cells, instantaneous current responses were predominantly evoked upon voltage pulses in the range from À180 to +20 mV (Fig. 1D) . These large voltage-independent currents (Fig. 1D, F ) indicate a very low plasma membrane resistance probably due to the lack of proper voltage control by the impaled electrode. A failure in the clamp potential is also evident from the lack of voltage-dependent inward-and outward-rectifying K + currents which, however, have been shown to be present in isolated subsidiary cell protoplasts by patch-clamp experiments (Majore et al. 2002 , Wolf et al. 2005 , Wolf et al. 2006 . To address the high membrane conductance of intact subsidiary cells further, transmission electron micrographs were captured from the epidermis of maize leaves. As illustrated in Fig. 2 , plasmodesmata are present between ordinary epidermal cells and subsidiary cells, but not between guard and subsidiary cells. These results strongly suggest that in contrast to guard cells, subsidiary cells are not electrically isolated but connected to adjacent epidermal cells, giving rise to the large instantaneous currents upon voltage stimulation.
Due to these symplastic connections, voltage clamp measurements with intact subsidiary cells could not be performed. Instead, the free-running membrane potential (E m ) of intact subsidiary cells was monitored to elucidate its role in controlling the ion transport during stomatal closing or opening. It was hypothesized that the membrane potential of subsidiary cells might be specifically regulated during stomatal movement to enable activation of either K + uptake (hyperpolarizationactivated) or K + release (depolarization-activated) channels. Membrane potential recordings revealed that the light to dark transition instantaneously caused a transient hyperpolarization of about 25 mV, reaching its maximum level within 0.3 min (Fig. 3A) . This hyperpolarization was followed by a transient depolarization that peaked about 2.3 min after the light was switched off. In comparison, switching the light on led to an immediate and transient depolarization of subsidiary cells that peaked 2 min after stimulus application (Fig. 3B) . These results suggest that changes in membrane potential can trigger voltage-gated K + channels during stomatal movement, thereby affecting the direction of K + transport across the plasma membrane of subsidiary cells.
Voltage-independent anion channels and their regulation in subsidiary cell protoplasts Anion channels are important elements in membrane voltage control since anion release leads to depolarization of the membrane potential and in turn to changes in the activity of voltage-dependent K + channels. Similar to potassium, anions probably move between guard cells and subsidiary cells during stomatal action in maize (Raschke and Fellows 1971) , thus we explored the anion transport of subsidiary cell protoplasts from maize in patch-clamp experiments. When the whole-cell configuration was established in the presence of permeable anions (Cl À ) but the absence of permeable monovalent cations (TEA + was used instead of K + ), macroscopic instantaneous anion currents were elicited upon voltage pulses in the range of À196 to +104 mV (Fig. 4A ). These anion currents strongly resembled those of maize stellar root cell protoplasts measured under similar experimental conditions (Gilliham and Tester 2005) . The plot of the current densities against the clamped voltages revealed a linear relationship, pointing to a voltageindependent gating behavior of Cl À -permeating channels in this cell type (Fig. 4B) . With 82 and 154 mM Cl À in the extraand intracellular solution, respectively, the currents reversed the direction at a voltage (V rev = +14.9 ± 1.3 mV, n = 7) close to the equilibrium potential for Cl (Marten et al. 1992 , Schroeder et al. 1993 ) was applied at a concentration of 50 mM to the bath medium, a pronounced decrease in the current density was observed (at À96 mV by 90.5 ± 3.2%, n = 7, Fig. 4 ). The results indicate that these maize subsidiary cell currents are carried by Cl À via voltage-independent anion channels. Because of their voltage insensitivity, the anion channels in subsidiary cells must be regulated by factors other than the membrane potential. Since ABA represents a factor promoting stomatal closure (Marten et al. 2007) , we examined the effect of ABA on the anion channels of subsidiary cells. In the presence of 10 mM ABA and a free Ca 2+ concentration of 0 or 100 nM in the intracellular solution, the anion current density was only reduced by 30 and 26% (at À156 mV), respectively, compared with ABA-free conditions (Fig. 5A, B ). An increase in the free cytosolic Ca 2+ concentration to 390 nM enhanced the ABA response (10 mM), causing a repression of 45% at À156 mV (Fig. 5C) . Instead of increasing the cytosolic free Ca 2+ level, the current density also could be further repressed by increasing the ABA concentration. At a cytosolic free Ca 2+ concentration of 100 nM, 10 mM ABA caused a reduction of 26% (Fig. 5B) , whereas 20 mM ABA led to a current decrease of 48% (data not shown). Thus the anion channels of subsidiary cells appear to be inhibited by ABA in a dose-and Ca 2+ -dependent manner. Interestingly, even in the absence of ABA, cytosolic Ca 2+ seems to be involved in channel regulation because anion current densities varied greatly with the cytosolic free Ca 2+ concentration. They peaked at 100 nM Ca 2+ , close to the resting level of the cell, and were reduced upon removal of Ca 2+ (at À156 mV: 60%) or with increasing Ca 2+ concentration (390 nM Ca 2+ , at À156 mV: 65%), respectively (Fig. 5) . To obtain a fingerprint for anion channel regulation in maize subsidiary cells, we also examined the susceptibility of these anion channels to cytosolic pH. An increase in the cytosolic pH from 7.4 to 8.4 caused a pronounced increase in the anion current amplitude (Fig. 6) . This pH effect was of a similar order of magnitude at different intracellular Ca 2+ concentrations (100 and 390 nM). The data demonstrate that both an elevated intracellular Ca 2+ (Fig. 5B, C ) and H + level (Fig. 6 ) result in the inhibition of the anion channels in subsidiary cells.
Differential cytosolic Ca
2+ and pH sensitivity of guard cell anion channels
To allow for ion shuttling between subsidiary cells and guard cells, a different direction of anion transport has to be anticipated during stomatal movement. Accordingly, anion transport should be regulated differently in these two cell types. To prove this assumption, we recorded anion currents in maize guard cell protoplasts under experimental conditions identical to those applied for subsidiary cells. As in subsidiary cells, macroscopic voltage-independent anion currents were monitored in guard cells in the presence of 100 nM cytosolic Ca 2+ with a reversal potential V rev of 11.2 ± 2.2 mV (n = 5) close to the equilibrium potential for Cl À (Fig. 7A) . Just as in subsidiary cells, the guard cell anion currents could also be suppressed upon external application of the anion channel blocker NPPB (not shown). In contrast to subsidiary cells, however, a 2-fold rise in the anion current density was observed when the cytosolic free Ca 2+ concentration was elevated from 100 to 390 nM (Fig. 7A) . Furthermore, the change in cytosolic pH from 7.4 to 8.4 resulted in a small decrease in the anion current density in guard cells (Fig. 7B) , but not in a pronounced increase as observed with subsidiary cells (Fig. 6) . Thus the anion channels in guard cells and the flanking subsidiary cells are characterized by different susceptibilities towards cytosolic Ca 2+ and pH.
Light-induced changes in cytosolic pH of intact subsidiary cells
Due to the lack of voltage dependency of the anion channels, the light-induced changes in membrane voltage (Fig. 1) will not affect the anion channel activity in subsidiary cells. With respect to the pronounced pH dependency of the anion channels (Fig. 6B) , light-induced cytosolic pH changes, however, may do so. Therefore, we examined whether the cytosolic pH level of intact subsidiary cells might alter during stomatal movement. After iontophoretical loading with the pH-sensitive dye BCECF through an impaled double-barreled electrode (cf. Fig. 1B ), light-induced cytosolic pH changes could be detected by monitoring the 440/470 nm excitation ratio of BCECF in subsidiary cells. In order to determine the cellular integrity during these experiments, the free-running membrane potential was simultaneously monitored. After about 2 min in darkness, the cytosolic pH started to decrease, reaching a constant more acidic pH level within about 3 min (Fig. 8A, upper panel) . The onset of acidification correlated with the generation of maximal cellular depolarization and concurrent entry into the repolarization phase. In contrast, illumination immediately induced an increase in the cytosolic pH level. The alkalinization correlates to the initial depolarization triggered when the light was switched on (Fig. 8B, lower panel) . These results suggest that protons act as cytosolic regulatory factors of pHsensitive ion channels in subsidiary cells during stomatal movement.
Discussion
Ion movement in the leaf epidermis
Since subsidiary cells, but not guard cells, exhibit plasmodesmata (Fig. 2) , ions could move through these cytoplasmic bridges between subsidiary cells and ordinary epidermal cells. -dependent effect of ABA on the anion currents of subsidiary cell protoplasts. Current densities determined in the absence or presence of ABA with 0 nM (A), 100 nM (B) and 390 nM free Ca 2+ (C) in the intracellular solution were plotted against the respective voltages. Note the different scale of the y-axis in A-C. Filled squares, 10 mM ABA; open squares, control (without ABA). The number of experiments in A was n = 7 for ABA and n = 11 for control, in B n = 9 for ABA and n = 16 for control, and in C n = 8 for ABA and n = 7-9 for control. This possibility may account for the observation of a higher potassium content in areas of epidermal cells which are in close proximity to subsidiary cells during stomatal closure (Raschke and Fellows 1971) . Nevertheless, changes in the ion content of subsidiary cells during stomatal movement seem to be primarily associated with the ion shuttle transport between subsidiary cells and guard cells, because K + accumulation was generally detected in subsidiary cells but not in epidermal cells during stomatal closure (Raschke and Fellows 1971 , Willmer and Pallas 1973 , Lascève et al. 1987 ).
Cell type-specific voltage control of potassium channels
In order to achieve ion shuttle transport within the stomatal complex (Raschke and Fellows 1971 , Willmer and Pallas 1973 , Penny and Bowling 1974 , K + ions and anions need to pass the plasma membrane of subsidiary and guard cells in an antiparallel-directed and cell type-specific manner (e.g. K + and anion release in subsidiary cells, but K + and anion uptake in guard cells during stomatal opening). How can this reversed direction of ion transport be obtained when both cell types exhibit a similar set of K + channel and anion channel types (Figs. 4-7 ; Fairley-Grenot and Assmann 1992, Majore et al. 2005 , Wolf et al. 2006 ? As illustrated by the model in Fig. 9 , due to the similar voltage dependence of the K + -permeable channels, the membrane voltage can play a major role in the opposite control of K + transport activities in subsidiary and guard cells. To obtain this opposite control, however, light needs to induce cell type-specific changes in membrane voltage. This notion is supported on the one hand by the observation that guard cells of other species are in a depolarized state for stomatal closure (Roelfsema et al. 2001 ) while a transient hyperpolarization occurs in subsidiary cells ( Figs 3A, 9A ). Whether this hyperpolarization might be long and potent enough to activate a sufficient number of hyperpolarizationdependent K + uptake channels (Majore et al. 2005) remains, however, uncertain. As an alternative to K + uptake channels, H + -coupled K + symporters might contribute to K + entry into subsidiary cells (for a review, see Véry and Sentenac 2003) . Such a proton-potassium symport might in part account for the observed transient depolarization following the initial hyperpolarization phase (Fig. 3A) . In contrast to the verified expression of K + channels in guard and subsidiary cells of maize (Büchsenschütz et al. 2005 ; for reviews, see Véry and Sentenac 2003 , Pandey et al. 2007 , Sirichandra et al. 2009 , and references therein), to our knowledge the expression of K + transporters still remains to be demonstrated in the plasma membrane of these cell types.
On the other hand, subsidiary cells respond to a stomatal opening light signal with an immediate transient depolarization (Fig. 3B) , which is most likely due to the activation of anion channels (see below). As a result, depolarization-dependent K + -permeable channels are thought to open in subsidiary cells and to release K + into the apoplast ( Fig. 9 ; Majore et al. 2005 , Wolf et al. 2006 . In contrast to subsidiary cells, hyperpolarization would be required in guard cells to facilitate influx of K + ions that are released from depolarized subsidiary cells. Indeed light-induced hyperpolarization via stimulation of H + -ATPases and inhibition of S-type anion channels has been reported for V. faba guard cells (Assmann et al. 1985 , Kinoshita and Shimazaki 1999 , Roelfsema et al. 2001 , Marten et al. 2007 ). Cell type-specific Ca 2+ -and pH-dependent regulation of anion channels
The voltage-independent anion currents recorded in subsidiary cells and guard cells of maize (Figs. 4-7) resembled the S-type-like anion currents found in root stele of maize (Gilliham and Tester 2005) and guard cells of other species (Schroeder and Keller 1992 , Linder and Raschke 1992 , Pei et al. 1997 , Geiger et al. 2010 . However, in contrast to S-type anion channels of guard cells from maize and other species, the subsidiary cell anion channels respond differentially to Ca 2+ , ABA and pH ( Fig. 7 ; Allen et al. 1999 , Mori et al. 2006 ). The subsidiary cell anion channels were stimulated upon cytosolic alkalinization and suppressed upon an increase in the free Ca 2+ concentration from the resting level of 100 nM to 390 nM and addition of ABA (Figs. 5, 6 ). Since (i) a sole Ca 2+ signal already causes a decrease in the anion current; and (ii) ABA acts in a Ca 2+ -dependent fashion, a Ca 2+ signal together with ABA can further reinforce the inhibitory effect of ABA on the anion current amplitude observed at the resting Ca 2+ level. In contrast, guard cell anion channels were activated by an increased Ca 2+ level and were insensitive to pH changes in the alkaline range (Fig. 7) . These findings strongly suggest that cell type-adapted Ca 2+ and pH changes are important in planta for driving the reversed anion transport of subsidiary and guard cells within the stomatal complex.
Potential function of Ca 2+ and pH in the coordination of ion shuttle transport If the cytosolic Ca 2+ level were to increase in subsidiary cells during stomatal closure as in guard cells of other species (McAinsh et al. 1995 , Allen et al. 1999 , Stange et al. 2010 , anion release would be favored in guard cells but suppressed in subsidiary cells (Fig. 9B) . Since the cytosolic pH changes were observed in both cell types during stomatal movement, the pH can be considered as a probable cytosolic regulatory factor in both guard cells and subsidiary cells (Figs. 8, 9; Irving et al. 1992 , Blatt and Armstrong 1993 , Islam et al. 2010 . The direction of these pH alterations and the pH sensitivity of the anion channels and K + channels are supportive of the opposite ion transport direction in subsidiary cells and guard cells during stomatal movement (Fig. 9) . Different stomatal opening (fusicoccin, IAA and cytokinin) and closing agents (ABA) have been shown to cause qualitatively similar cytosolic pH changes in guard cells of other species such as acidification or alkalinization, respectively (Irving et al. 1992 , Blatt and Armstrong 1993 , Islam et al. 2010 . Therefore, in maize motor cells, analogous pH changes are likely to take place during light-triggered stomatal movement. Accordingly, alkalinization of maize guard cells is thought to stimulate K + efflux channels during stomatal closure (as in subsidiary cells, but during stomatal opening; see below and Fig. 9) . Unlike subsidiary cells, the pH insensitivity of the guard cell anion channels in the alkaline pH range ensures anion efflux out of the guard cells even upon alkalization during stomatal closure (Figs. 7B, 9) . However, during stomatal opening, acidification together with membrane hyperpolarization supports K + influx through hyperpolarization-dependent K + uptake channels in guard cells (Fig. 9; Grabov and Blatt 1997 , Hoth et al. 2001 , Philippar et al. 2003 . In comparison, the observed alkalinization in subsidiary cells induced when the light was switched on facilitates activation of the pH-sensitive anion channels leading to anion efflux, and in turn to depolarization which is a prerequisite for stimulation of K + release channels (Figs. 6, 7B, 9 ). Since alkalinization also promotes the activity of K + release channels in subsidiary cells (Wolf et al. 2006) , both depolarization and cytosolic alkalinization will trigger K + efflux from subsidiary cells during stomatal opening. In contrast, cytosolic acidification induced when the light was switched off can contribute to down-regulation of the anion channel and K + release channel activity in subsidiary cells (Figs. 6, 7; Wolf et al. 2006) , preventing release of both K + ions and anions during stomatal closure and enabling the transition to an ion uptake system (Fig. 9) .
Conclusions on ion shuttle transport within the maize stomatal complex
The model in Fig. 9 summarizes the potential roles of Ca 2+ , pH and voltage in ion channel regulation in subsidiary cells and guard cells and in turn in coordination of the ion shuttle transport between these cell types during stomatal movement. Our findings imply that concerted cell type-specific changes in membrane polarization and pH, as well as different ion channel sensitivities towards cellular regulatory factors (Ca 2+ , pH and voltage), probably determine the different direction and capacity of ion transport across the plasma membrane of subsidiary cells and guard cells during stomatal movement. Because of their impact in voltage control, in future it would be of particular interest to study the cell type-specific expression pattern of anion channel genes which represent orthologs of those already identified in A. thaliana and to search for regulatory interaction partners of these anion channels (Negi et al. 2008 , Vahisalu et al. 2008 , Geiger et al. 2009 , Geiger et al. 2010 , Meyer et al. 2010 . Such studies would help to decode further the molecular mechanisms active in subsidiary and guard cells for driving ion shuttle transport in a coordinated manner.
Materials and Methods
Plant growth
Maize plants (Z. mays L. var. Caraibe; Saaten Union GmbH) were grown for 8 d in a climate chamber with a 14 h photoperiod, 60% relative humidity, 26 C/16 C day/night temperature and a photon flux density of 130 mmol m À2 s À1 . The chamber was equipped with fluorescent tubes (Philips Master P-PL 36 W) and 25 W light bulbs (Osram).
Transmission electron microscopy
Small sections of leaf tissue were cut with a razor blade and immediately immersed in fixation medium containing 1% (w/v) formaldehyde, 1 mM EGTA, 50 mM cacodylate buffer and 5% glutaraldehyde. After fixation for 4 h, the tissue was post-fixed with 2% (w/v) osmium tetroxide overnight at room temperature, then stained with 3% (w/v) uranyl acetate in 20% ethanol for 1 h, dehydrated in a graded series of ethanol and embedded in Spurr's epoxy resin (Spurr 1969) . Ultra-thin sections were cut with a diamond knife on an ultramicrotome (Ultrotome Nova, LKB), transferred onto formvar-coated copper grids and stained with lead citrate. Sections were examined in a Zeiss EM 10c transmission electron microscope at 80 kV.
Electrophysiological recordings on subsidiary and guard cells within intact plants
Subsidiary and guard cells of intact plants were impaled with double-barreled electrodes essentially as described for V. faba guard cells (Roelfsema et al. 2001) . For voltage clamp measurements, both barrels were filled with 300 mM KCl. For simultaneous measurement of membrane voltage and cytosolic pH, one barrel was filled with 300 mM KCl, and the second one with 3 mM BCECF, a pH-sensitive fluorescent dye. Dyes were loaded into the cell through current injection (up to À500 pA). The electrodes were connected to a microelectrode amplifier (VF-102, BioLogic). Data were filtered at 10 Hz and sampled at 33 or 10 Hz for long-term measurements.
Ratiometric H + fluorescence measurements
The fluorescent ion-sensitive dye BCECF and ratio imaging microscopy were used to measure cytosolic pH changes. The ratio of emission intensities for BCECF was monitored continuously and carried out by using Metafluor software (Universal Imaging). BCECF was excited with 200 ms flashes of light at 440 and 470 nm with a time interval of 1 s (Visichrome Highspeed Polychromator System, Visitron). The emission signal of BCECF was filtered with a 510 nm bandpass filter (D510-40M, AF Analysentechnik) and captured by a cooled CCD camera system (CoolSNAP HQ, Roper Scientific). Background fluorescence levels of both wavelengths were taken from a reference region placed within a part of an unloaded neighboring cell.
Patch-clamp recordings on subsidiary cell protoplasts
Subsidiary cell protoplasts were isolated as previously described (Wolf et al. 2005) . To measure macroscopic anion currents, patch-clamp experiments were performed in the whole-cell configuration essentially as described by Majore et al. (2002) . The standard bath solution contained (in mM) 40 CaCl 2 , 0.5 LaCl 3 , 10 MES/Tris pH 5.6. To increase the Cl À concentration in the bath medium from 81.5 to 282 mM, tetraethylammoniumCl (TEA-Cl) was used. The anion channel blocker NPPB dissolved in ethanol was added from a 100 mM stock solution to the bath medium on a daily basis. The basic composition of the pipet solution was the following (in mM): 5 Mg-ATP, 5 Tris-GTP, 2 MgCl 2 , 10 EGTA, 10 HEPES/Tris 7.4. In addition 0, 3.5 or 6.5 mM CaCl 2 was added to the pipet solution to result in a free Ca 2+ concentration of 0, 100 or 390 nM, respectively. The free Ca 2+ concentration of the pipet solution was calculated with the freely available program Webmaxc (http://www.stanford.edu/~cpatton/webmaxc/webmaxcE.htm). The total Cl À concentration in the pipet solutions with different free Ca 2+ levels was held constant at 154 mM by using the respective concentrations of TEA-Cl. (±)-cis, trans ABA was added to the pipet medium from a 10 mM stock solution that was prepared with isopropanol and stored at À18 C. To obtain pH 8.4 in the pipet solution, HEPES/Tris was replaced by Trizma/Tris. The osmolalities of the bath solution for subsidiary cell protoplasts were adjusted with mannitol to 540 mosmol kg À1 and to 560 mosmol kg À1 for the pipet medium, and for guard cell protoplasts with sorbitol to 400 mosmol kg À1 for the bath solution and to 440 mosmol kg
À1
for the pipet medium, respectively. The anion currents were recorded 20-23 min after gaining access to the whole-cell configuration. The membrane voltage was stepped from +104 to À196 mV with 20 mV decrements, each pulse lasting 600 ms. Longer voltage pulses (up to 50 s) did not affect the anion current amplitude. The holding voltage was 0 mV. The clamped voltages were corrected offline for the liquid junction potential (Neher 1992 
